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LEKTI Fragments Specifically Inhibit KLK5, KLK7, and KLK14
and Control Desquamation through a pH-dependent
Interaction™
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LEKTI is a 15-domain serine proteinase inhibitor whose defective expression underlies the severe autosomal recessive
ichthyosiform skin disease, Netherton syndrome. Here, we show that LEKTI is produced as a precursor rapidly cleaved by
furin, generating a variety of single or multidomain LEKTI fragments secreted in cultured keratinocytes and in the epidermis.
The identity of these biological fragments (D1, D5, D6, D8—-D11, and D9-D15) was inferred from biochemical analysis, using
a panel of LEKTI antibodies. The functional inhibitory capacity of each fragment was tested on a panel of serine proteases. All
LEKTI fragments, except D1, showed specific and differential inhibition of human kallikreins 5, 7, and 14. The strongest
inhibition was observed with D8-D11, toward KLK5. Kinetics analysis revealed that this interaction is rapid and irreversible,
reflecting an extremely tight binding complex. We demonstrated that pH variations govern this interaction, leading to the
release of active KLK5 from the complex at acidic pH. These results identify KLKS5, a key actor of the desquamation process,
as the major target of LEKTIL They disclose a new mechanism of skin homeostasis by which the epidermal pH gradient allows
precisely regulated KLK5 activity and corneodesmosomal cleavage in the most superficial layers of the stratum corneum.

INTRODUCTION

Lympho-epithelial Kazal type inhibitor (LEKTI), is encoded
by SPINKS5 (Serine Proteinase Inhibitor Kazal type 5) (Magert et
al., 1999). LEKTI, belongs to the Kazal serine proteinase
inhibitor family whose numerous members generally bear
3-7 tandem kazal domains. Interestingly, LEKTI contains a
signal peptide and exhibits as many as 15 potential serine

This article was published online ahead of print in MBC in Press
(http:/ /www.molbiolcell.org/cgi/doi/10.1091/mbc.E07-02-0124)
on June 27, 2007.

The online version of this article contains supplemental material
at MBC Online (http://www.molbiolcell.org).

§ These authors contributed equally to this work.

Address correspondence to: Alain Hovnanian (alain.hovnanian@
toulouse.inserm.fr).

Abbreviations used: BIA, biomolecular interaction analysis; CHO,
Chinese hamster ovary; GR, granular layer; HBS, HEPES-buffered
saline; KLK, kallikrein; LEKTI, Lympho-epithelial Kazal type inhib-
itor; LEKTI,, full-length LEKTI; LEKTI, short-length LEKTI;
NHK, normal human keratinocytes; NS, Netherton syndrome; SC,
stratum corneum; SPINKS, serine proteinase inhibitor Kazal type 5.

© 2007 by The American Society for Cell Biology

proteinase inhibitory domains (D1-D15) separated by 14
spacing segments. These linker regions are characterized by
the presence of several dibasic residues, potentially sensitive to
the cleavage by the subtilisin-like proprotein convertases. Two
of these domains (D2 and D15) resemble typical Kazal-type
serine proteinase inhibitors, as deduced from their primary
structure and characteristic pattern of six cysteine residues. The
other 13 domains share high homology with this class of in-
hibitors but lack one of the three conserved typical disulfide
bridges. Despite this difference, these sequences adopt a hair-
pin structure, creating an inhibitory binding loop (Lauber et al.,
2003). Several authors have studied the inhibitory capacity of
different forms of LEKTI. The full-length LEKTI recombinant
protein has been shown to inhibit trypsin, subtilisin A, plas-
min, cathepsin G, and neutrophil elastase, but not chymotryp-
sin (Mitsudo et al., 2003). A partial recombinant form of LEKTI
containing domains 6-9 (rLEKTI6-9) has been shown to in-
hibit trypsin, subtilisin A, chymotrypsin, kallikrein 5 (KLKS5,
stratum corneum tryptic enzyme [SCTE]), and kallikrein 7
(KLK?, stratum corneum chymotryptic enzyme [SCCE]) but
not plasmin, cathepsin G, or elastase (Jayakumar et al., 2004;
Schechter et al., 2005). In addition, the single domain D6 was
shown to be a potent inhibitor of trypsin, KLK5, and KLK?7,
whereas D15 was not effective against these two kallikreins
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(Egelrud et al., 2005). Altogether, these results highlight the fact
that each form of LEKTI exhibits its own inhibitory specificity.

LEKTI is expressed specifically in the most differentiated
viable layers of stratified epithelial tissues and in the Hassal
corpuscules of the thymus (Bitoun et al., 2003). In the epi-
dermis, it is mainly restricted to the granular layer (GR),
where critical biochemical and morphological changes that
occur during terminal differentiation lead to cornification
(stratum corneum [SC] formation). LEKTI is transported by
specific intracellular lamellar granule cargoes until its secre-
tion in the extracellular space, between granular cells and
cornified cells (Ishida-Yamamoto et al., 2005).

In normal human keratinocytes (NHK), LEKTI is expressed
as three precursors derived from alternative pre-mRNA pro-
cessing (Tartaglia-Polcini et al., 2006). In addition to the previ-
ously described, full-length isoform of 15 domains (145 kDa),
SPINKS5 encodes a shorter LEKTI isoform (125 kDa) composed
of the first 13 domains generated from the use of an alternative
polyadenylation signal, as well as a longer isoform (148 kDa)
carrying a 30-amino acid residue insertion between the 13th
and the 14th inhibitory domains, generated from the activation
of cryptic splice junction sequences. RNase protection assay
experiments have identified the full-length transcript as the
most abundant isoform in NHK (Tartaglia-Polcini et al., 2006).
LEKTT precursors are rapidly processed into proteolytic frag-
ments in a postendoplasmic reticulum compartment (Bitoun et
al., 2003; Jayakumar ef al., 2005). C-terminal LEKTI fragments have
been detected in the conditioned medium of NHK (Tartaglia-
Polcini et al., 2006). In addition, a 30-kDa polypeptide with an
N-terminal extremity, corresponding to D8, has also been pu-
rified from NHK-conditioned medium (Ahmed et al., 2001).

SPINK5 mutations lead to Netherton syndrome (NS; Chavanas
et al., 2000), a severe autosomal recessive skin disorder charac-
terized by congenital ichthyosiform erythroderma, a specific
hair shaft defect (trichorrhexis invaginata) and atopic manifes-
tations (Traupe, 1989). To decipher the biological functions of
LEKTI, we have genetically engineered mice with a targeted dis-
ruption of Spink5. Spink5-null mice faithfully replicate key features
of Netherton syndrome, including abnormal desquamation, im-
paired keratinization, hair malformation, and a severe skin barrier
defect. LEKTI deficiency causes abnormal desmosome cleavage
in the upper GL through desmoglein 1 degradation due to the
hyperactivity of KLK5 and KLK?7. This leads to accelerated SC
shedding and consequent loss of skin barrier function (Yang et
al., 2004; Descargues ef al., 2005; Hewett et al., 2005). This work
identified LEKTI as a key regulator of epidermal protease
activity. In addition, the presence of LEKTI domains (D1, D5,
and D6) in the blood circulation (Magert ef al., 1999, 2002)
suggests that LEKTI could also have biological effects at a
distance from the skin. The extent of atopic manifestations in
NS predicts a role for LEKTI as an inhibitor of proteases in-
volved in the inflammation process.

To gain further insight into LEKTT functions, we studied
the inhibitory properties of physiological LEKTI fragments.
The different LEKTI forms present in the epidermis, in NHK,
as well as in a mammalian heterologous expression system
were detected using three antibodies directed against the
N-terminal, the internal and the C-terminal part of full-
length LEKTI. We produced several of these physiological
LEKTI proteolytic fragments and characterized their inhi-
bitory properties against a large panel of serine proteinases
involved in skin homeostasis and inflammation. Kinetic pa-
rameters of the interaction between LEKTI fragments and
their proteinase targets were studied by surface plasmon
resonance (SPR). Using the same technology, we showed
that the pH gradient occurring through the SC controls the
interaction strength between LEKTI and KLKS5, thus allow-
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ing the controlled release of active proteinase in the most
superficial layers of SC.

MATERIALS AND METHODS

Antibodies, Proteinases, and Substrates

Anti-LEKTI antibodies used in this study were as follows: a rabbit polyclonal
antibody raised against D1-D6 LEKTI domains (Bitoun et al., 2003), a rabbit
polyclonal antibody raised against D8—-D11 LEKTI domains (Ishida-Yamamoto et
al., 2005) and a rabbit polyclonal antibody raised against D13-D15 LEKTI do-
mains (Bitoun et al., 2003). Trypsin, tryptase, chymotrypsin, plasmin, thrombin,
neutrophile elastase, cathepsin G, and kallikreins 1 and 3 were purchased from
Sigma-Aldrich (St. Louis, MO). KLK8 was purchased from R&D Systems (Min-
neapolis, MN). Recombinant kallikreins KLK5, KLK7, and KLK14 were obtained
as previously described (Brattsand ef al., 2005). All chromogenic substrates were
commercially obtained (Sigma-Aldrich).

Human Epidermis and Cell Culture

Normal and NS human primary keratinocytes were isolated from skin biop-
sies and cultured in Green medium containing 1.2 mM calcium as previously
described (Bitoun et al., 2003). Chinese hamster ovary (CHO) and furin-
deficient CHO cells were a generous gift of Dr. Leppla (Laboratory of Micro-
bial Ecology, National Institute of Dental Research, NIH, Bethesda, MD
20892) (Gordon et al., 1995). Cells were grown in F12 medium (Invitrogen,
Carlsbad, CA) supplemented with 10% fetal calf serum and 100 U/ml peni-
cillin/streptomycin. Human foreskin was obtained after medical surgery at
Purpan Hospital (Toulouse, France). The epidermis was mechanically sepa-
rated from the dermis after heating at 55°C for 15 min. The medical ethical
committee CCPPRB (Comité consultatif de personnes se prétant a des recher-
ches biomédicales) of Toulouse hospitals approved all described studies
(research project no. 0102908). The study was conducted according to the
Declaration of Helsinki principles.

Cloning, Expression, and Purification of LEKTI Domains

Partial LEKTI cDNA fragments encoding the following human LEKTT frag-
ments: D1 (residues 23-77), D5 (residues 292-353), D6 (residues 356-423), and
D8-D11 (residues 490-759) were amplified by PCR from a vector containing
the full-length cDNA as a template; amino acid numbering is according to
Magert et al. (1999). PCR products of D5 and D6 were cloned into pGEX in order
to use glutathione S-transferase (GST) as a C-terminal tag. D1 and D8-D11 PCR
products were cloned into pET22b, to introduce an in-frame N-terminal His, tag.
All the constructs were transformed into the Origami bacterial strain (Novagen,
Madison, WI) in order to produce recombinant LEKTI fragments. Previous
studies have demonstrated that similar prokaryotic expression systems are suit-
able to obtain functional LEKTI fragments (Kreutzmann ef al., 2004; Egelrud et al.,
2005).

Production of recombinant LEKTI fragments was induced by adding 1 mM
isopropyl-1-thio-B-p-galactopyranoside (IPTG) to Origami cultures (Nova-
gen). After 3 h at 30°C, cells were harvested, lysed in PBS containing 0.1 mM
EGTA, 0.25% Tween 20, 100 ng/ml lysosyme, and subjected to sonication for
optimal solubilization. For GST fusion proteins, the soluble fraction was loaded
onto a glutathione Sepharose 4B column according to the recommendations of
the MicroSpin GST purification module (GE Healthcare, Waukesha, WI). For
His-fusion proteins, the soluble fraction was subjected to nickel affinity (Chelat-
ing Sepharose Fast Flow, GE Healthcare, Waukesha, WI). Elution was performed
using a gradient of imidazole (0-500 mM in PBS) on fast protein liquid chroma-
tography (FPLC). Nickel-eluted fractions were subsequently loaded onto a cation
exchange column (SP Sepharose High performance, GE Healthcare), for which a
gradient of NaCl (0—2 M) was carried out to elute proteins. Finally, size exclusion
chromatography (HiLoad 16/60 Superdex 75 pq, GE Healthcare) was used to
obtain pure protein fractions, which were pooled for further experiments. Puri-
fied proteins were analyzed by SDS-PAGE after Coomassie Blue staining.
HisD9-D15 was purified following the experimental procedures as previously
described (Jayakumar et al., 2004). Proteins were dialyzed against a solution of
HEPES 10 mM, pH 7.4, for inhibitory activity assay and Biacore analysis.

Cloning of LEKTI cDNAs into pEF-DEST51 Expression
Vector

LEKTI full-length cDNA (GenBank NM_006846) or LEKTI short-length (Gen-
Bank DQ149929) were amplified by long-range PCR (PfU Turbo, Stratagene,
La Jolla, CA) from a vector containing the full-length cDNA as a template. The
PCR products were subcloned into pDEST8 vector by homologous recombi-
nation and transferred into the mammalian expression vector pEF-DEST51
using the Gateway technology, according to the manufacturer’s instructions
(Invitrogen). pEF-DEST51-SPINK5;,; and pEF-DEST51-SPINK5,,;, constructs
were fully sequenced using the Big Dye Terminator Sequencing Kit and an
ABI 3100 automated sequencer (Applied Biosystems, Foster City, CA).
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CHO Cell Transfections

One day before transfection, CHO cells were plated at 5 X 10* cells per well
of a six-well plate. The day of the transfection, cells at 70% confluence were
transiently transfected with 1 ug of pEF-DEST51, pEF-DEST51-SPINK5;, or
pEF-DEST51-SPINK5,;, plasmid DNAs, using the FUuGENE 6 Transfection
Reagent, according to the manufacturer’s recommendations (Roche Applied
Science, Indianapolis, IN). Twenty-four hours after transfection, the medium
was replaced with serum-free medium, and cells were maintained in culture
for an additional 24 h. Both intracellular and extracellular protein extracts
were prepared for Western blot analysis.

Western Blotting

Epidermis was crushed in a protein extraction buffer (PEB) containing Tris-Cl
50 mM, pH 8, NaCl 150 mM, EDTA 5 mM, pH 8, 1% NP40, 1 mM PMSF, 10
png/ml leupeptin, 10 mg/ml pepstatin A, and 1 mg/ml antipain with an
Ultra-Turrax. Cultured cells were lysed in PEB. Lysates were clarified from
insoluble material by centrifugation at 13000 g, 4°C for 5 min. The conditioned
medium was concentrated by overnight acetone precipitation. Proteins were
recovered by centrifugation at 13000 g, 4°C for 30 min, and resuspended in
lysis buffer. Proteins were quantified by Bradford protein assay kit (Bio-Rad
Laboratories, Hercules, CA). Protein fractions were mixed with Laemmli
buffer (Bio-Rad Laboratories), incubated for 5 min at 65°C, and then separated
by SDS-PAGE. After migration, proteins were transferred to Hybond-C extra
membranes (GE Healthcare). After incubation with primary and secondary
antibodies, enhanced chemiluminescence detection was performed as recom-
mended by the manufacturer. PNGase F (New England Biolabs, Beverly, MA),
O-glycosidase, and a-(2—3,6,8,9)-neuraminidase (Sigma-Aldrich) treatments
were performed at 37°C, according to the manufacturer’s instructions.

Proteinase Activity Assay

Varying concentrations of substrates (Table 1) were incubated with a fixed
amount of proteinase in a suitable buffer activity, and initial velocities were
measured by monitoring the absorbance at 405 nm. Double reciprocal Lin-
eweaver-Burke plots of 1/[V] versus 1/[S] were used to determine the K,,, of
each substrate for its partner enzyme. Affinity constant (K,,) between an
enzyme and a substrate is defined as the substrate concentrate at 1/2 maxi-
mum velocity. Six separate mixtures of enzymes and inhibitors in various
ratios were incubated for 5 min. The proteinase activity was initiated by
adding the appropriate synthetic substrate (Table 1), and the activity of free
enzyme was determined spectrophotometrically at 405 nm by monitoring the
release of p-nitrophenyl acetate (pNA). All time courses were performed at
25°C, during 15 min, in duplicate. Reaction velocities were linear over the
course of the reaction. Initial velocities were measured by monitoring absor-
bance at 405 nm, and ICs, was calculated by plotting [V,/V;]-1 versus [I]. To
account for the effect of substrate K, on the inhibition constant, IC5, were
converted to K; using the formula (Morris et al., 2002):

1G5y

)
1+K—m

For KLKS8, the proenzyme was activated following the manufacturer’s
instructions and the initial velocity was measured by monitoring fluorescence

pH Controls Protease Inhibition by LEKTI

emission using the Val-Pro-Arg-AMC (Amino 4 Methyl Coumarine) substrate
(Ex, 355 nm; Em, 460 nm).

Surface Plasmon Resonance Analysis

Principle. Binding events between two molecules are monitored in real time,
without the use of any label, using an optical phenomenon called SPR. Biomo-
lecular binding events cause changes in the refractive index close to the surface
layer of a chip, which are detected as changes in the SPR signal. During a binding
analysis SPR changes occur as a solution is passed over the surface of a sensor-
chip. To perform an analysis, one interactant (ligand) is immobilized over a
carboxymethylated dextran matrix of a sensorchip. The sensor surface forms one
wall of a flow cell. Sample containing the other interactant (analyte) is injected
over this surface in a precisely controlled flow. The progress of an interaction is
monitored as a sensorgram that expresses resonance units (RU) as a function of
time. Analyte binds to the surface-attached ligand during sample injection,
resulting in an increase in signal. At the end of the injection, the sample is
replaced by a continuous flow of buffer, and the decrease in signal reflects
dissociation of interactant from the surface-bound complex.

Materials. All binding studies based on SPR phenomenon were performed on
a four-channel BIACORE 3000 optical biosensor instrument (BIAcore AB,
Uppsala, Sweden). All experiments were performed on sensorchips CM5
obtained from Biacore AB.

Immobilization of Recombinant LEKTI Domains. Both flow cells of a CM5
sensor chip were coated with recombinant proteins by amine coupling, allowing
immobilization of the proteins in the same orientation, independent of the tag
fused to the protein. Various levels of RU were immobilized to take into account
the differences in molecular weights: His-D1 (500 RU), GST-D5 (2100 RU),
GST-D6 (2100 RU), His-D8-D11 (2000 RU), and His-D9-D15 (3800 RU).

BIA Analysis. Binding analyses were performed with multiple injections of
different protein concentrations over the immobilized surfaces at 15°C. All
samples were diluted in HBS-EP buffer (HEPES 10 mM, NaCl 150 mM, EDTA
3 mM, and polysorbate 0.005%) and were injected over the sensor surface for
3 min at a flow rate of 30 ul/min. All diluted samples were injected at the
same time over the four channels (flow cells). A gradient of 0.05% to 0.5% SDS
in HBS-EP buffer was used to regenerate the chip. D1 was considered as a
negative control according to its inability to affect proteinase activity. D1
sensorgrams were subtracted from sensorgrams obtained with immobilized
fusion proteins to yield true binding responses. Kinetics constants (k,, kg,
Kp = kq/k,) were calculated using BIAevaluation 4.0.1 software and the 1/1
Langmuir binding model was chosen. This model determines the association
constant (k,) and takes into account the dissociation occurring during the
association phase. Therefore, the calculated values do not necessary correlate
with apparent slope of the sensorgram.

Casein Gel Zymography

Epidermis from wild-type (WT) and knockout (KO) animals was crushed in
1 M acetic acid solution with an Ultra-Turrax. After overnight extraction at
4°C, soluble proteins were lyophilized and resuspended in PBS. After acetone
precipitation, proteins were assayed (Bradford, Bio-Rad), and 5 ug of soluble
fractions were mixed in a nondenaturing loading buffer (50 mM Tris-HCI, pH

Table 1. Enzymes, substrates, buffers, and K,

Proteinase Substrate

Buffer K

hKLK (75 nM)

hKLK?7 (180 nM)
hKLK14 (9.4 nM)
hKLKS (3.2 nM)

hCatG (60 nM)

Bovine Trypsin (42 nM)
Bovine Chymotrypsin (2 nM)
hTryptase (8 nM)
hElastase (15 nM)
hPlasmin (22.5 pM)
Porcine KLK1 (20 nM)
hKLK3 (20 nM)
hThrombin (410 nM)

Ile-Pro-Arg-pNA (1 mM)
Arg-Pro-Tyr-pNa (1 mM)
Pro-Phe-Arg-pNA (1 mM)
Val-Pro-Arg-AMC (0.1 mM)
(Ala),-Pro-Phe-pNa (0.06 mM)
Na-Benzoyl-Arg-pNA (2.5 mM)
Suc-(Ala),-Pro-Arg-pNA (0.2 mM)
Z-Gly-Pro-Arg-pNA (0.2 mM)
Suc-(Ala)3-pNA (1 mM)
Tosyl-Gly-Pro-Lys-pNA (1 mM)
Val-Leu-Arg-pNA (0.375 mM)

Phe-Val-Arg-pNA (1.5 mM)

Tosyl-Gly-Pro-Lys-pNa (0.375 mM)

0.1 M Tris, 0.5 M NaCl, pH 8 0.6 mM
137 mM NaCl, 27 mM KCl, 10 nM NaP, pH 7.4 1 mM
0.1 M Tris, 0.5 M NaCl, pH 8 0.75 mM
0.1 M Tris, pH 9 1 mM
137 mM NaCl, 27 mM KCl, 10 mM NaP, pH 7.4 1.3 mM
50 mM Tris, pH 8, 20 mM CaCl, 0.7 mM
50 mM Tris, pH 8, 20 mM CaCl, 0.0l mM
50 mM HEPES, 120 mM NaCl 0.05 mM
50 mM Tris, pH 8 2mM
100 mM Tris, pH 7.6, 120 mM NaCl 3.8 mM
50 mM Tris, pH 7.8, 200 mM NaCl 0.08 mM
50 mM Tris, pH 9, 200 mM NaCl 0.1 mM
100 mM Tris, pH 8, 100 mM NaCl 0.15 mM

For protease activity assay, concentrations of enzymes and their appropriate substrates are indicated, as well as buffer concentration. Affinity

constants (K,,,) of the enzyme for its substrate have been calculated.
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Figure 1. LEKTI proteolytic fragments in the epidermis, normal human keratinocytes, and transfected CHO - Model of LEKTI proteolysis.
Protein extracts from human foreskin epidermis (lane 1), cultured normal human keratinocytes (lane 2), or transfected CHO cells (lanes 3-5)
were analyzed by Western-blot using three anti-LEKTI antibodies indicated on the left. CHO cells were transiently transfected with the empty
pEE-DEST51 vector (—, lane 3); pEF-DEST51-SPINKS5,, (LEKTI,, lane 4); or pEF-DEST51-SPINKS,,, (LEKTI,, lane 5). Intracellular and
extracellular fractions of cultured cells were analyzed. The molecular weights of the different bands obtained are indicated in kDa. In
intracellular fractions of NHK and transfected CHO, precursors of 145 and 125 kDa are observed with each antibody. Conversely, in the
epidermis and in extracellular fractions of NHK and CHO, only proteolytic fragments of LEKTI are visualized. For each antibody used, the
molecular weight of these proteolytic LEKTI fragments is indicated. Note the absence of LEKTI precursors detected in human epidermis.
Right, schematic representation of LEKTI processing in human epidermis and NHK. A schematic representation of LEKTI processing in
human epidermis and NHK is proposed according to the results obtained with the different antibodies used. The two LEKTI precursors (145
and 125 kDa) are processed into several physiological LEKTI fragments. The identity of some LEKTI fragments was proposed according to
several parameters, including the antibody used, the molecular weight of the unglycosylated forms (see Figure 3), and the existence of LEKTI
fragments already published.

6.8, 2% SDS, 10% glycerol, and 0.1% bromophenol blue) were loaded onto
casein copolymerized with acrylamide gels (15% acrylamide, 0.05% a-casein,
Sigma-Aldrich) for electrophoresis. Gels were washed with 2.5% Triton X-100
for 1 h to remove SDS and incubated 24 h at 37°C in a reaction buffer
containing 50 mM Tris, pH 8. Gels were stained with 1% Coomassie Brilliant
blue for 30 min. Areas of caseinolytic activity appeared as clear zones against
a dark blue background. To assess inhibitory capacity of D8-D11 LEKTI
domain, a solution of D8-D11 fragment (5 uM) was added to the sample

West Chester, PA). The intensity of the fluorescence signals was coded as
color gradient, ranging from 0 (dark) to 255 (white).

RESULTS

Human Epidermis and Cultured Keratinocytes Secrete
LEKTI Proteolytic Fragments after Intracellular

before electrophoresis (15 min on ice), as well as in the reaction buffer.

In Situ Zymography

Frozen sections of WT or Spink5~/~ mouse skin (5-mm thickness) were rinsed
with a washing solution (2% Tween 20 in deionized water) and incubated at
37°C overnight with 100 ul of BODIPY FL casein using the EnzChek Ultra
Protease Assay kit (Invitrogen) in 50 mM Tris-Cl, pH 8, in order to visualize
global protease activity. Cryostat sections were incubated in the same condi-
tions with 100 wl of Boc-Val-ProArg-AMC or Suc-Leu-Leu-Val-Tyr-AMC
(Sigma-Aldrich) at 100 mM in Tris 50 mM, CaCl, 10 mM for the detection of
trypsin- and chymotrypsin-like activity, respectively. For some sections,
LEKTI D8-D11 fragment (5 uM) was added to the substrate in order to assess
its inhibitory capacity. All sections were rinsed with PBS solution and visu-
alized with the inverted high-end microscope Axiovert 200 (Zeiss, Thorn-
wood, NY) at an excitation wavelength of 485 and 400 nm and an emission
wavelength of 530 and 460 nm for BODIPY FL and AMC fluorescent dyes,
respectively. Frozen sections from WT and KO skin were photographed at
equal time points and exposure time. Images were captured and analyzed
with Metamorph Imaging system software, version 3.6 (Universal Imaging,
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Processing of LEKTI Precursors

To detect the presence of LEKTI precursors and proteolytic
fragments in human epidermis, foreskin protein extracts
were analyzed by Western blotting using three LEKTI anti-
bodies (a«D1-D6, aD8-D11, and aD13-D15; Figure 1, lane 1).
The same analysis was carried out using intracellular and
extracellular fractions of differentiated normal human kera-
tinocytes in culture (NHK; Figure 1, lane 2). Signal specifi-
city was confirmed using extracts of NS keratinocytes, which
do not express LEKTI (Bitoun et al., 2003; data not shown).

Bands of 145 and 125 kDa were detected in the intracel-
lular fraction of NHK, with each of the three antibodies
(Figure 1, lane 2). These proteins correspond to the full-
length (LEKTI;,) and short-length (LEKTI, ) LEKTI precur-
sors (Tartaglia-Polcini ef al., 2006), respectively, and were not
detected in human epidermal extracts.

Molecular Biology of the Cell



LEKTI fragments of 10, 11, 13, 15, and 20 kDa were de-
tected in human epidermis with «D1-D6 antibodies (Figure
1, lane 1). The same bands were detected only in the extra-
cellular fraction of NHK, which indicated that these LEKTI
N-terminal fragments are secreted (Figure 1, lane 2). Using
aD8-D11 antibodies, 20-, 31-, 37-, 42-, and 65-kDa proteo-
lytic fragments were detected in human epidermis and in
the conditioned medium of NHK (Figure 1, lanes 1 and 2).

In the epidermis and in the extracellular fraction of NHK,
aD13-D15 antibodies detected two C-terminal fragments at
~65 and 42 kDa (Figure 1, lanes 1 and 2). Altogether, these
results highlight a similar proteolytic processing of LEKTI in
human epidermis in vivo and in NHK in vitro. They also
demonstrate the heterogeneity in molecular weights of
LEKTI proteolytic fragments. In the C-terminal part of
LEKTI, high-molecular-weight proteolytic fragments were
produced (65 or 42 kDa) and were not cleaved in a larger
extent, in contrast to N-terminal extremity, the proteolytic
processing of which produced several small LEKTI frag-
ments.

No LEKTI precursor could be detected in the epidermis
with any of the LEKTI antibodies used, suggesting that they
are rapidly processed into proteolytic fragments. The fact
that LEKTI precursors were detected only in the intracellular
fraction of NHK and that LEKTI proteolytic fragments were
observed exclusively in the extracellular fraction confirms
that LEKTI processing takes place intracellularly (Bitoun et
al., 2003) and suggests a rapid secretion of fragments upon
cleavage of the precursors. These observations support the
notion that secreted LEKTI fragments are the relevant LEKTI
biologically active forms.

Heterologous Expression of LEKTI in CHO Cells
Reproduces Physiological LEKTI Processing

To discriminate LEKTI fragments deriving from the full-length
LEKTT precursor from those deriving from the shorter LEKTI
precursor, we developed an heterologous system for LEKTI
expression. Transient transfection of CHO cells was performed
with mammalian expression vectors carrying the full-length
(pEF-DEST51-LEKTIy,) or short-length (pEF-DEST51-LEKTI,,)
LEKTI cDNAs under the control of the Elongation Factor 1
promoter. Intracellular and extracellular fractions of trans-
fected CHO cells were analyzed by Western blotting using the
three anti-LEKTI antibodies (aD1-D6, a«D8-D11, and aD13—
D15 antibodies; Figure 1, lanes 3-5). Bands of 145 and 125 kDa
were detected in the intracellular fraction of CHO cells trans-
fected with pEF-DEST51-LEKTI;, and pEF-DEST51-LEKTIL,,
respectively. These high-molecular-weight signals correspond
to LEKTI precursors. They were not detected in the condi-
tioned medium, indicating that proLEKTT is processed intra-
cellularly, as observed in NHK. Using aD1-D6 antibodies,
10-, 13-, and 20-kDa fragments were detected in both the
extracellular fraction of CHO transfected with pEF-DEST51-
LEKTI;, and pEF-DEST51-LEKTI,,. These fragments are
present in the NHK extracellular fraction (Figure 1, lane 2),
and their size is consistent with LEKTI physiological clea-
vage. However, the 11- and 15-kDa fragments detected in
NHK were not visualized in CHO extracts.

Using «D8-D11 antibodies, 20-, 31-, and 37-kDa bands
were detected in the medium of CHO transfected with pEF-
DEST51-LEKTI;, and pEF-DEST51-LEKTI,, (Figure 1, lanes
3-5).

In addition, aD8-D11 and «D13-D15 antibodies (Figure 1,
lanes 3-5) detected a 65-kDa fragment in the medium of
CHO transfected with pEF-DEST51-LEKTI;, and a 42-kDa
fragment in the extracellular fraction of CHO transfected
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with pEF-DEST51-LEKTI,, as shown by Tartaglia et al.
(2006).

As aresult, heterologous expression of LEKTI, and LEKTI,
in CHO cells overall reproduces the proteolytic processing of
LEKTI precursors seen in NHK and human epidermis. In
addition, it provides evidence that both precursors are submit-
ted to similar proteolytic processing, generating fragments of
similar molecular weight. The only difference observed with
the C-terminal fragments is due to the lack of D14 and D15
domains in the shortest precursor LEKTI,.

Furin Is a Key Enzyme for LEKTI Intracellular Proteolytic
Processing

Subtilisin-like proprotein convertases (SPCs) are a family of
endoproteinases involved in the processing of a variety of
proproteins. Among them, furin has been proposed as a
good candidate for the proteolysis of LEKTI (Bitoun ef al.,
2003). To demonstrate the involvement of furin in LEKTI
processing, pEF-DEST51-LEKTI, and pEF-DEST51-LEKTI;,
vectors were used to transfect furin-deficient CHO cells.
Intracellular and extracellular fractions were analyzed by
Western blot using the three anti-LEKTI antibodies (Figure
2). In contrast to the various LEKTI proteolytic fragments
visualized in the extracellular fraction of transfected CHO
(Figure 2, lanes 1-3), no proteolytic fragment could be ob-
served in the medium of transfected furin-deficient CHO
cells (Figure 2, lanes 4-6). Instead, the 145- and 125-kDa
LEKTI precursors were detected in the extracellular frac-
tions of furin-deficient CHO cells transfected with pEF-
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Figure 2. LEKTI processing involves a furin-dependant mechanism.
Intracellular and extracellular extracts of CHO cells (lanes 1-3) and
furin-deficient CHO cells (lanes 4—6) transiently transfected with the
empty pEF-DEST51 vector (—, lanes 1 and 4); pEF-DEST51-SPINKS,
(LEKTI,, lanes 2 and 5); or pEFDEST51-SPINKS5,;, (LEKTI,, lanes 3
and 6) were analyzed by Western-blotting using anti-LEKTI antibod-
ies indicated on the left. In both CHO cells and furin-deficient CHO
cells, the 145- and 125-kDa LEKTI precursors are detected with each
of the three anti-LEKTI antibodies in the intracellular fraction. How-
ever, in the extracellular fraction, LEKTI proteolytic fragments are
visualized in CHO cells, whereas only LEKTI precursors are detected
in furin-deficient CHO cells, with each of the antibody.
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DEST51-LEKTI;; and pEF-DEST51-LEKTI,, respectively,
with each of the three antibodies used. These results showed
that furin-deficient CHO cells are unable to process LEKTI,
and that unprocessed precursors are secreted even so. Ne-
vertheless, the furin-deficient CHO cells that we used were
generated by ethyl methane sulfonate mutagenesis, and it is
indeed possible that mutations elsewhere than in the furin
gene could have occurred. To eliminate the possibility that
such mutations were responsible for the lack of LEKTI pro-
cessing, pEF-DEST51-LEKTI,, was transfected in furin-defi-
cient CHO cells stably retransfected with a murine cDNA of
furin (Gu et al., 1995). Extracellular fractions were analyzed
by Western blot and revealed LEKTI processing rescue (Sup-
plementary Figure 1). All together, these results prove evi-
dence that furin plays a major role in LEKTI physiological
processing.

Identity of LEKTI Fragments Inferred from Biochemical
Analysis

To gain further insights into the identity of the diverse LEKTI
fragments, we performed molecular weight analysis after degly-
cosylation experiments. The glycosylation site prediction servers
NetNGly (http://www.cbs.dtu.dk/services/NetNGlyc/) and
NetOGlyc (http://www.cbs.dtu.dk/services/NetOGlyc/) in-
dicate the presence of two potential N-glycosylation sites on
asparagine residues 505 and 763 located in D8 and D12 do-
mains, respectively, and five O-glycosylation sites on threonine
residues 1051, 1054, and 1055 and serine residues 1058, 1062, all
located in the D15 domain (Figure 3A). N- and O-deglycosy-
lation experiments were performed on NHK extracellular ex-
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Figure 3. N- and O-glycosylation status of LEKTI proteolytic frag-
ments. (A) Schematic representation of predicted N- and O-glyco-
sylation sites on the full length (LEKTI;;) and the short length
(LEKTI,,) LEKTI precursors. N-glycosylation prediction involves
two sites: one in the D8 domain, the other one in the D12 domain.
Five O-glycosylation sites are predicted in the D15 domain. (B)
Proteins from NHK conditioned medium were incubated in the
absence (—) or presence (+) of PNGase F. After PNGase F treatment,
the 31- and 37-kDa fragments recognized by the «D8-D11 antibody
migrate at 29 and 35-kDa, respectively, whereas the 20-kDa band
remains unchanged. Using the aD13-D15 antibody, C-terminal
fragments of 42 and 65 kDa migrate at 38 and 61 kDa, respectively,
when N-deglycosylated. (C) To assess O-deglycosylation, extracel-
lular extracts of NHK were incubated at 37°C in the absence (—) or
presence (+) of neuraminidase (1 h) and O-glycosidase (3 h). This
treatment had no effect on the 42-kDa bands, but reduced the
65-kDa C-terminal fragment to a 61-kDa fragment.
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tracts and analyzed by Western blotting using the panel of
antibodies. For N-deglycosylation experiments, PNGase F was
incubated with NHK extracellular extracts (Figure 3B). O-de-
glycosylation of NHK extracellular protein extracts was per-
formed by adding neuraminidase and O-glycosidase to the
sample (Figure 3C).

As predicted by the software, no molecular-weight dif-
ference could be observed after any of these treatments
when aD1-D6 antibodies were used (data not shown). On
the basis of their molecular weights, some of these un-
glycosylated N-terminal fragments could correspond to sin-
gle LEKTI domains D1, D5, or D6, previously identified
(Magert et al., 1999; Figure 1, right panel).

In contrast, when aD8-D11 antibodies were used, a 2-kDa
shift of the 31- and 37-kDa bands was detected after N-
deglycosylation. This treatment had no effect on the 20-kDa
band (Figure 3B). No shift was observed for any of these
three bands after O-deglycosylation (data not shown). The
N-glycosylation result suggests that the 31-kDa fragment
detected in epidermis and NHK correspond to LEKTI D8-
D11 fragment (predicted molecular weight of 30 kDa). This
is consistent with the description of the ~30-kDa fragment
reported in NHK conditioned medium, the N-terminal of
which corresponds to D8 (Ahmed et al., 2001).

Finally, N-deglycosylation treatment resulted in a reduc-
tion of ~4 kDa of the 65- and 42-kDa fragments detected
with D13-D15 antibodies, demonstrating that these C-ter-
minal fragments are N-glycosylated (Figure 3B). O-deglyco-
sylation reduced the molecular weight of the 65-kDa C-
terminal LEKTI fragment signal to 61 kDa, whereas the
42-kDa band was not affected (Figure 3C). This result is
concordant with the O-glycosylation predicted sites on D15,
which are absent from the shortest LEKTI isoform.

Each of the N- and O-deglycosylation experiment showed
a 4-kDa shift of the 65-kDa fragment, revealing that this
fragment carries several glycosylated residues accounting
for 8 kDa. The molecular weight of the unglycosylated frag-
ment (57 kDa) is concordant with the one calculated for the
primary sequence of the last seven C-terminal domains of
LEKTI (D9-D15), which is 57.4 kDa. To summarize, degly-
cosylation experiments lead us to propose that D1, D5, D6,
D8-D11, and D9-D15 are physiological LEKTI domains
derived from proteolytic processing of the full-length pre-
cursor.

LEKTI Domains, Except D1, Inhibit Epidermal Kallikreins

Based on the homology with other Kazal family members,
LEKTI domains are predicted to inhibit serine proteases. In
the Kazal family, the cognate protease is dictated by an
amino acid occupying the P1 position.! Among all LEKTI
domains, only D1, D2, and D15 do not possess an arginine at
this position. Kazal inhibitor bearing an arginine at P1 po-
sition are known to inhibit trypsin. However, prediction is
not simple because interactions between the inhibitory loop
of the inhibitor and the active site of the inhibited protease
also depend on the microenvironment of the complex. More-
over, the behavior of multidomain inhibitors toward their
targets is not easily predictable.

To study the anti-protease function of physiological
LEKTI fragments, we expressed recombinant LEKTI do-
mains D1, D5, D6, D8-D11, and D9-D15. To provide evi-
dence for the formation of disulfide bridges in the LEKTI

! The amino acid residues involved in the reactive site loop are
numbered following the Schechter and Berger (1967) nomenclature.
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fragments produced in prokaryotic expression system, these
fragments were submitted to SDS-PAGE under reducing or
nonreducing conditions (Supplementary Figure 2). After
Coomassie staining, a single band was observed at the ex-
pected molecular weight with a slight difference between
reducing and nonreducing conditions. This is consistent
with the fact that the recombinant LEKTI fragments ex-
pressed in the Origami bacteria contained intramolecular
disulfide bonds.

The capacity of purified recombinant LEKTI fragments to
function in vitro as a serine protease inhibitor was then
assessed against a large set of 13 serine proteinases involved
in skin desquamation and inflammation: trypsin, tryptase,
chymotrypsin, plasmin, thrombin, neutrophile elastase, ca-
thepsin G, and kallikreins 1, 3, 5, 7, 8, and 14 (Table 1).

Inhibition tests showed that the different LEKTI fragments
were not equally effective against target proteinases: D1 was
unable to inhibit any proteinase of the set, despite evidence
for the formation of disulfide bridges (Supplementary Fig-
ure 2). In contrast, the other fragments inhibited trypsin,
KLK5, KLK7, and KLK14 to various extents. The other pro-
teinases tested in the panel were not inhibited by LEKTI
fragments. The strongest inhibitory activity was observed
with D8-D11 against KLK5 and KLK14 with K; values of 3.7
and 3.1 nM, respectively (Figure 4). Despite a 68% sequence
identity from the first to the fourth cysteine residues and an
identical cysteine connectivity pattern, D5 and D6 differen-
tially inhibited target proteinases. D6 appeared as a weaker
inhibitor of trypsin, KLK5, and KLK7 than D5 and was not
effective against KLK14. Specificity and capacity of inhibi-

Table 2. Summarization of inhibition constants and affinity constants

Protease Substrate Constants D1 D5 D6 D8-D11 D9-D15
KLK5 HD-Ile-Pro-Arg-pNA K, (M) — 32.8 X 107° 83.3 X 107° 3.7 X 107° 118.7 X 10~°
Ky (M) — 9.3 x 10710 3.6 X 10° 1.1 x 10712 9.5x 107!
KLK7 MeO-Suc-Arg-Pro-Tyr-pNA K; (M) — 772X 1077 296.4 X 107° 34.8 X 1077 —
Ky (M) — 6.2 X 107? 6.7 X 1078 32 X108 nd
KLK14 IID-Pro-Phe-Arg-pNA K, (M) — 17.6 X 107° — 3.1x107° 523 X 107°
Kp (M) — nd nd nd nd

For all LEKTI domains tested in this study, a summary of inhibition constants (K;) and affinity constants (Kp) calculated from inhibition tests
and BiaCORE analysis, respectively, is reported in this table. This report concerns the inhibited epidermal proteinases KLK5, KLK7 and

KLK14. nd, not determined; —, no inhibition/no interaction.
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Figure 5. Surface Plasmon Resonance analysis of target proteinase binding to LEKTI fragments. LEKTI domains were immobilized onto a
sensorchip. Proteinase solutions were injected over the sensorchip at concentrations ranging from 1.25 to 100 nM. Sensorgrams reflect binding
during the association phase followed by the dissociation phase at the end of the injection. Representative sensorgrams show dose-dependent
interactions of KLK5, KLK7 and KLK14 on D5, D6, D8-D11, and D9-D15 LEKTI domains. Each curve represents the specific interaction
between the considered LEKTI fragment and proteinase. Raw binding data were analyzed using the BIAevaluation 4.0.1 software and fitted
to obtain kinetics parameters. The kinetics constants k, (association constant), ky (dissociation constant), and Ky, (affinity constant) are
indicated on each graph. V¥, stop of proteinase injection and replacement with buffer; RU, resonance units; Diff. Resp., differential response.

tion of D6 are concordant with previously published data
(Kreutzmann et al., 2004; Egelrud et al., 2005).

Despite the presence of an arginine at P1 position, which
is associated with trypsin inhibition, three active LEKTI
fragments (D5, D6, and D8-D11) were also able to inhibit
KLK7, belonging to the chymotrypsin superfamily. Al-
though full inhibition was achieved by adding D8-D11 at
twofold molar excess to KLK7, D9-D15 was inactive even at
50-fold molar excess (data not shown). D§-D11 displayed a
10-fold lower inhibition capacity for KLK7 (K; = 34.8 nM)
compared with KLK5 (K; = 3.7 nM). D6 was a poor inhibitor
of KLK7 (K; = 296 nM). Inhibition constants of each LEKTI
fragment toward these epidermal proteinases are reported
in Table 2. The results obtained with pancreatic trypsin were
of the same order of magnitude as the one obtained with
KLKS5 (data not shown).
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Dynamics of Interaction between LEKTI Fragments and
Their Target Proteinases

The interaction parameters between LEKTI fragments and
their target proteinases were determined using the SPR
(BIAcore) technology (see Materials and Methods).

D1, D5, D6, D8-D11, and D9-D15 fragments were immo-
bilized onto a sensorchip, and their binding capacity toward
KLK5, KLK7, and KLK14 was tested in real time. The D1
LEKTI fragment, which was devoid of inhibitory capacity,
was considered first. As expected, D1 was unable to bind
any proteinase and was then considered to be a negative
control in each BIA experiment.

Similarly to specific inhibition profiles of each LEKTI frag-
ment, LEKTI fragments were not equally effective in their
interaction capacities toward the tested proteinases (Figure 5).

Molecular Biology of the Cell



As illustrated by sensorgrams, kinetics profiles and amounts of
bound proteinase molecules were highly variable from one
LEKTT fragment to another for each proteinase.

KLK5 exhibits different binding properties toward the
four LEKTI domains. With single domains D5 and D6, the
association phase as well as the dissociation phase occurs
rapidly. This underlines a transient interaction between
KLK5 and these single LEKTI domains. In contrast, the
association phase between KLK5 and multidomain LEKTI
fragments is slower, whereas the dissociation is less pro-
nounced. Remarkably, after the injection of KLKS5 is stopped,
no dissociation from D8-D11 occurred. This reflects a high-
affinity (Kp = 1.11 X 10~'2 M) and irreversible binding of
this complex. In contrast to KLK5, KLK7 dissociates very
rapidly from D8-D11, as illustrated on sensorgrams by the
decrease of bound molecules after the injection is stopped.

The interaction between single LEKTI domains D5 and D6
with KLK7 is weaker than the one determined with KLK5, as
shown by their higher affinity constant (Kp) for KLK7. This
difference is not due to their dissociation constants (k4) toward
KLK5 and KLK7, which are similar, but instead, to their
weaker association constant (k,) for KLK7 (K, = k;X 1/k,).

Sensorgrams of KLK14 interacting with different LEKTI
fragments showed very particular profiles, different from
those previously described for KLK5 and KLK?7. Specifically
for KLK14/D9-D15 interaction, the SPR signal abnormally

pH Controls Protease Inhibition by LEKTI

decreased during the association phase before the end of
injection, indicating a proteolytic activity of KLK14 against
D9-D15. D9-D15 degradation was confirmed when KLK14
was injected at 20 nM and showed a loss of ligand immobi-
lized during the dissociation phase, with a level of the SPR
signal below the baseline. This phenomenon was less visible
on the other sensorgrams but certainly occurred and pre-
vented kinetic constant measurement.

pH Dependent—binding of KLK5 and LEKTI Is a Key
Factor for the Regulation of the Desquamation Process

LEKTI and KLKS5 are transported in different cargo vesicles
before they are released into the extracellular space, at the
stratum granulosum-SC interface. Immunoelectron micros-
copy experiments showed localization of the two molecules
at this interface near corneodesmosomes in human skin
(Ishida-Yamamoto et al., 2005). KLK5 is a major proteinase
involved in the desquamation process, through the cleavage
of the corneodesmosomal components (Caubet ef al., 2004).
To allow the detachment of the superficial layers of SC,
KLKS5 activity must be tightly controlled, in a spatially and
temporally manner. Recent studies have suggested that the
ultimate desquamation of corneocytes from the SC surface
may be orchestrated by localized changes in pH (Elias, 2004;
Hachem et al., 2004). In this context, we analyzed the influ-
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ence of pH on the stability of KLK5 and D8-D11 interaction
using the BIAcore technology (Figure 6). Injection of KLK5
at 2.5 nM was performed at pH 7.5, a pH occurring at the
GR-SC interface. At the end of the injection, a buffer adjusted
at different pH was injected, and the dissociation phase was
followed for various pH conditions (7.5-4.5), miming the
pH gradient in the SC layers from the depth to the surface.
The sensorgrams presented in Figure 6A clearly show that
the interaction between the two partners is affected by pH
variable conditions, with an acceleration of the dissociation
phase concomitantly with pH decrease. On release, both
partners are potentially able to reform a complex at lower
pH values. Therefore, the interaction (association and disso-
ciation) was evaluated for each pH value (Figure 6B). The
calculated values showed that the association decreases,
whereas dissociation increases with acidification (pH 7.4 to
pH 4.5). The effect is much stronger on dissociation (1078 to
10~*s~1) than on association (10* to 10° M~ s~ 1). Therefore,
acidification decreases the strength of binding between
LEKTI D8-D11 and KLK5, by favoring dissociation of the
complex. To test whether the binding between LEKTI D8-
D11 and KLK? was also pH-sensitive, we performed a bin-
ding experiment between these two partners at the same pH
values (Figure 6C). Similarly, a decreased interaction was
observed with acidification, with a high effect from pH 5.5.

pH changes influence the affinity between D§-D11 LEKTI
fragment and its target proteinases. Therefore, we tested the
inhibition capacity of D8-D11 against KLK5 and KLK7 at
different pH values (Supplementary Figure 3). KLK5 and KLK7
activities were markedly decreased with acidification, but were
still detected (20% activity at pH 4.5 compared with pH 7.5).

The highest inhibitory capacity for LEKTI D8-D11 was
obtained at pH 7.5 and declined at inferior pH values, to
become very weak at pH 4.5. This is concordant with the
binding profile determined by BIA experiment and con-
firmed that the interaction and the inhibition capacity of
LEKTI D8-D11 are optimal at neutral pH, which corre-
sponds to the pH of the GR-SC interface. SC acidification
allows active proteinases to be released from their inhibitor
as a result of increased complex dissociation.

LEKTI Fragments Inhibit Native Epidermal Proteinases of
the Stratrum Corneum

To confirm the inhibitory capacity of D8-D11 toward dis-
regulated proteinase activities in NS, in situ zymography
was carried out on cryosections of Spink5~/~ mouse skin. In
situ zymography using fluorescein isothiocyanate (FITC)-
conjugated casein as a substrate showed that proteinase
activity was remarkably increased in the epidermis of
Spink5~/~ mice in comparison with WT epidermis (Figure
7B). This enzymatic activity mainly localized to the SC.
Trypsin and chymotrypsin activities were then assessed
with a synthetic substrate conjugated with AMC. Activities
were markedly increased in the SC of KO mice compared
with WT (Figure 7E,H). Addition of 5 uM D8-D11 LEKTI
fragment on KO cryosection resulted in an important de-
crease in signal intensity (Figure 7, C, F, and I). The sub-
strates (for trypsin and chymotrypsin) used in this study are
preferentially cleaved by KLK5 and KLK7 (Debela et al.,
2006). However, we cannot exclude the possibility that other
proteinase activities may degrade these substrates on skin
cryosections.

To confirm the effect of the LEKTI D8-D11 fragment onto
native KLK5 and KLK?7, a casein gel zymography was per-
formed (Figure 8). As already described in Spink5~/~ epi-
dermal extracts, KLK5 and KLK7 exhibited higher activities
(Descargues et al., 2005). The addition of LEKTI D8-D11
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KO + D8-D11

trypsin casein

chymotrypsin

Figure 7. In situ zymography analysis. Protease activities were
detected on skin cryosections from WT and Spink5/~ mice. The
ability of D8-D11 LEKTI fragment to reduce these proteolytic ac-
tivities was assessed on KO cryosections. (A) In WT epidermis, total
protease activity detected by the degradation of the BODIPY FL
casein substrate is mainly found in the SC. (B) In the epidermis of
Spink5~/~ mice, the caseinolytic activity is increased in the SC. (C)
This activity is decreased in the presence of D8-D11 LEKTI frag-
ment. (D and E) Trypsin-like activity detected by cleavage of the
synthetic peptide Boc-Val-ProArg-AMC is increased in the SC of KO
epidermis in comparison with normal epidermis. (F) Addition of
D8-D11 LEKTI fragment decreases trypsin-like activity on KO fro-
zen sections. (G and H) Incubation of frozen skin sections with the
Suc-Leu-Leu-Val-Tyr-AMC peptide solution reveals that chymo-
trypsin-like activity is also markedly enhanced in the stratum cor-
neum of KO epidermis, compared with WT. (I) These activities are
decreased in the presence of D§-D11 LEKTI fragment. The color
gradient represents the intensity values of the fluorescence signals
ranging from dark to white. Bar, 50 um.

completely abolished KLK5 activity, whereas a residual ac-
tivity of KLK7 persisted. A 28-kDa protease also overacti-
vated in KO epidermis was not affected by D8-D11. These
results confirmed the involvement of D8-D11 LEKTI do-
main in the control of native KLK5 and KLK7 activities,

pH8 + His D8-D11 (5 uM)
WT KO

F—— KLK5

F——KLK7

Figure 8. LEKTI D8-D11 inhibits native KLK5 and KLK7 activities
in Spink5~/~ mouse epidermal extracts. Epidermal extracts from 2
WT and 2 Spink5~/~ animals were analyzed by casein gel zymog-
raphy at pH 8 to detect proteolytic activity. Hyperactivity of KLK5,
KLK7, and an unknown 28-kDa proteinase is observed in KO ani-
mals. Preincubation of the gel with D8-D11 LEKTI domain (5 uM)
abolishes KLKS5 activity and decreases KLK7 activity, and has little
effect on the 28-kDa proteinase.
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showing a stronger inhibition of KLK5, concordant with the
inhibition data.

DISCUSSION

LEKTI is a Kazal-type multidomain protein composed of 15
potential proteinase inhibitor domains (Magert et al., 1999).
It is specifically expressed in the GR of the epidermis (Bitoun
et al., 2003). Absence of LEKTI expression is responsible for
the severe skin disease NS. The study of NS patients as well
as the analysis of a mouse model of NS provided evidence
that LEKTI plays a key role in the control of the desquama-
tion process (Descargues et al., 2005, 2006). To gain further
insights into the role of LEKTI in skin homeostasis, we first
focused on the characterization of LEKTI active forms and
carried out functional analysis of LEKTI fragments. In
NHKs, we showed that LEKTI precursors are rapidly pro-
cessed intracellularly into several proteolytic fragments, the
molecular weights of which are concordant with single do-
mains or several domains linked together. We showed that
furin plays a major role in the generation of these proteolytic
LEKTI fragments, which is concordant with immunoloca-
lization of furin in the GR (Pearton ef al., 2001). In addition,
the presence of 11- and 15-kDa N-terminal LEKTI fragments
in the epidermis and in NHK that are not detected in CHO
cells suggests that (an)other unidentified endoprotease(s)
specifically expressed in keratinocytes could account for
their production.

Once processed, all LEKTI proteolytic fragments are se-
creted in the conditioned medium of NHK. In human fore-
skin epidermis, LEKTI precursors are not detectable, in con-
trast to the numerous proteolytic fragments. These results
indicate that LEKTI fragments, rather than LEKTI precur-
sors, are the biologically relevant LEKTI forms, which are
secreted at the GR-SC interface, as shown by immunoelec-
tron microscopy (Ishida-Yamamoto ef al., 2005). Our study
provides evidence for N- and O-glycosylation of LEKTI
fragments. Protein glycans can play several roles (Lee et al.,
2001), including promoting protein folding into proper
structure or protecting against proteolytic enzymes. The
glycans present on LEKTI could then prevent the molecule
from furin proteolytic action at sensitive sites in domain-
linking regions. This could explain why LEKTI precursors
are not processed into 15 domains as proposed (Komatsu
et al., 2002), but rather into several multidomain and single
domain fragments.

Combination of Western blot analyses, molecular weight
data, and glycosylation status lead us to propose the identity
of some physiological LEKTI fragments. D1, D5, and D6
have been isolated from human blood; however, no cellular
blood compartment has been shown to express LEKTI so far
(Tartaglia-Polcini et al., 2006). Therefore, D1, D5, and D6
circulating LEKTI fragments could originate from LEKTI-
expressing tissues such as the epidermis and correspond to
the smallest signals detected with «D1-D6 in the epidermis
and NHK extracts. In addition to these single LEKTI do-
mains, using internal and C-terminal antibodies, other LE-
KTI signals detected in the epidermis and in NHK were
concordant with being new physiological LEKTI fragments
corresponding to D8-D11 (31 kDa) and D9-D15 (65 kDa).

The physiological inhibition of proteinases depends on
several parameters, including temporal and spatial coloca-
lization of the protease and its inhibitor and binding kinetics
between the partners involved. The goal of our study was to
analyze the inhibitory capacity of the proposed physiologi-
cal LEKTI fragments and to determine the associated kine-
tics parameters. In addition to pancreatic trypsin, among all
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proteases included in the panel studied, KLK5, KLK14, and
KLK7 were the only proteinases inhibited by LEKTI frag-
ments. Interestingly, these three proteinases are specifically
detected in the GR of the skin and colocalize with LEKTI
(Brattsand et al., 2005; Ishida-Yamamoto ef al., 2005; Komatsu et al.,
2005). Each LEKTI fragment presents a specific inhibitory pro-
file toward these three epidermal proteinases. D1 is devoid of
inhibitory capacity as anticipated by its particular 3D structure
(Lauber et al., 2003). Except for this domain, the other frag-
ments appear to have a higher inhibitory capacity toward
trypsin-like proteases (KLK5, KLK14) compared with chymo-
trypsin-like proteases (KLK?). Surprisingly, whereas D6 inhib-
its KLKS5, it is not active against KLK14, although KLK5 and
KLK14 belong to the same family and share 65% similarity.
This discloses a very fine specificity of interaction between
Kazal domains and kallikreins.

Our results show that all LEKTI fragments studied, except
D1, inhibit KLK5. D8-D11 demonstrated the highest inhibi-
tory capacity with a K; as low as 3 nM. This result correlates
with the rapid and irreversible interaction occurring be-
tween the two partners. Although SPR technology did not
allow determining the kinetics parameters of the interaction
between KLK14 and LEKTI fragments, D5, D§-D11, and
D9-D15 LEKTI domains displayed a high inhibitory capa-
city toward this proteinase. Taken together, these results
identify KLK5 and KLK14 as the major targets of LEKTI
fragments and KLK7 to a lesser extent. Using zymography
analyses, we confirmed the inhibitory capacity of D8-D11
toward the native form of these epidermal proteinases.

Despite a high sequence homology (68%) between D5 and
D6, D5 inhibits KLK14, whereas D6 does not. Structural
studies of Kazal domain complexes reveal that there are 12
contact positions (P6, P5, P4, P3, P2, P1, P1’, P2’, P3’, P14/,
P15’, and P18’) responsible for interactions between Kazal
domains and their cognate serine proteinases (Lu et al.,
1997). Among these 12 contact positions, P4 and P6 are the
only positions where the nature of residues differs between
D5 and D6. At P6 position, a lysine is present in D5, whereas
an arginine is found in D6. These two amino acids are
structurally close and are not likely to explain the functional
difference between the two domains. In contrast, the P4
position is occupied by a phenylalanine in D5 and by an
alanine in D6. Interestingly, Empie and Laskowski (1982)
found that substitution of a voluminous amino acid (Asp) in
a small, and uncharged residue (Ala) at position P4 of Kazal
ovomucoid third domain had a dramatic consequence on its
inhibitory capacity toward trypsin-like enzyme subtilisin.
Therefore, the difference of only 1 amino acid at P4 position
between D5 and D6 LEKTI domains could account for their
selectivity toward different serine proteinases.

This study highlights the specialization of LEKTI in the
inhibition of epidermal proteinases KLK5, KLK7, and KLK14
and is consistent with an increased desquamation in NS pa-
tients. NS skin is also characterized by chronic inflammation,
but the observation that inflammatory proteinases are not the
direct targets of the studied LEKTI fragments suggests that
KLK5 and KLK7 may have a proinflammatory role by activa-
ting PLA2 and IL1pB, as proposed by Egelrud et al. (2005).
Alternatively, it is also possible that additional physiological
LEKTT fragments could have a direct activity against inflam-
matory proteinases.

The Spink5~/~ mice revealed that LEKTI is a key regulator
of the desquamation process through the control of KLK5
and KLK?7 activities. In normal epidermis, LEKTI, KLK5, and
KLKY colocalize in the neighborhood of corneodesmosomes
(Ishida-Yamamoto ef al., 2005). This suggests a finely regu-
lated interaction between these partners to allow the detach-
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Figure 9. Model of desquamation: pH controls KLK activities by
regulating their interaction with LEKTI. In the deep SC, neutral pH
allows a strong interaction between LEKTI and its KLK targets in
the corneocyte interstices, thus preventing corneodesmosomes
cleavage. As the pH acidifies along the SC, LEKTI, and KLK5
dissociate, allowing proteinase to progressively degrade its cor-
neodesmosomal targets. In the most superficial layers of SC, pH is
low enough to ensure a strong dissociation between LEKTI and its
KLK targets. The release of KLK inhibition, together with other
proteinase activities, lead to complete degradation of corneodesmo-
somal components, resulting in the detachment of the most super-
ficial corneocytes.

ment of the SC superficial layers only. Previous studies have
demonstrated that pH is important for maintaining skin
homeostasis and that transient increase in SC pH induces
abnormality in permeability barrier (Hachem et al., 2006).
We mimicked the pH gradient occurring in SC layers during
binding studies between KLK5 and D8-D11. At pH 7.5, the
complex is very stable, but BIAcore analysis demonstrated
that dissociation increases with acidification. The same effect
of acidification could be observed on the dissociation rate of
LEKTI-KLK? complexes. This result is consistent with the
possibility that during the passage of deep (pH 7.5) to su-
perficial SC (pH 4.5) (Elias, 2004), KLK5 and KLK7 gradually
dissociate from LEKTI. At acidic pH, KLK5 and KLK7 retain
sufficient activity to degrade corneodesmosomal compo-
nents, desmoglein-1, desmocollin-,1 and corneodesmosin
(Caubet et al., 2004). These results support the role of SC
acidification in the control of the detachment of the most su-
perficial corneocytes (Figure 9). The severity of the NS skin
phenotype demonstrates the crucial need for a tight control of
epidermal proteolytic activity. KLK5 and KLK7, as serine pro-
teinases, display optimal activities at neutral pH, which is
precisely the pH at the GR-SC interface. To prevent premature
desquamation at the GR-SC interface, KLK5 and KLK? acti-
vities must be strongly inhibited. This is consistent with the
observation that the interaction between LEKTI and epidermal
kallikreins is very strong at neutral pH. This highlights the
importance of skin pH balance in the control of desquamation,
acting at two levels: the control of protease activity, and the
control of the interaction between proteinases and their inhi-
bitors. All together, the resultant ensures an apparent proteo-
lytic activity in a restricted environment.

This study is a base for an exhaustive analysis of inhibi-
tory properties of all physiological LEKTI fragments. This
will help to decipher the finely regulated balance between
proteinases and their inhibitors in the context of the desqua-
mation process.
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